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ABSTRACT 

The o i l  y i e l d s  f r o m  r e t o r t i n g  S t u a r t ,  R u n d l e  a n d  Condor  
s h a l e s  h a v e  b e e n  o p t i m i z e d  w i t h  r e s p e c t  t o  t h e i r  p r o c e s s  
o p e r a t i n g  c o n d i t i o n s  u s i n g  a s t a t i s t i c a l  e x p e r i m e n t a l  d e s i g n  
t e c h n i q u e .  A t h r e e  f a c t o r ,  t w o  l e v e l  f a c t o r i a l  d e s i g n  o f  
e x p e r i m e n t s  was a d o p t e d  t o  d e t e r m i n e  t h e  m a i n  a n d  i n t e r a c t i o n  
e f f e c t s  o f  v a r i a b l e s  on t h e  y i e l d  of o i l  from these  s h a l e s .  T h e  
t h r e e  v a r i a b l e s  a r e  t h e  p a r t i c l e  s i z e ,  t h e  t y p e  o f  s w e e p  gas a n d  
t h e  sweep  g a s  f l o w  r a t e .  

I t  was f o u n d  t h a t  r e t o r t i n g  w i t h  c a r b o n  d i o x i d e  as t h e  
s w e e p  g a s  e n h a n c e s  t h e  o i l  y i e l d  f r o m  S t u a r t  s h a l e  b y  u p  t o  24 
p e r c e n t .  The s t r o n g e s t  e f f e c t  was o b s e r v e d  from t h e  s w e e p  g a s  
f l o w  r a t e  a n d  t h e  o p t i m a l  c o n d i t i o n  f o r  t h i s  v a r i a b l e  was f o u n d  
t h r o u g h  o u t - l a y e r  e x p e r i m e n t s .  F o r  e a c h  of t h e  s i g n i f i c a n t  
e f f e c t s ,  t r a n s p o r t  p r o c e s s e s  s u c h  a s  t h e  c o m b i n e d  h e a t  a n d  mass 
t r a n s f e r  were e x p l a i n e d  a n d  d e s i g n  c r i t e r i a  f o r  a r e t o r t i n g  
s y s t e m  were f o u n d  f o r  s c a l e  u p  p u r p o s e s .  

INTRODUCTION 

E x t e n s i v e  d e p o s i t s  o f  o i l  s h a l e ,  b e a r i n g  e n o r m o u s  a m o u n t s  
o f  e q u i v a l e n t  s , y n t h e t i c  f u e l  e x i s t  i n  t h e  U.S.A., A u s t r a l i a ,  
C a n a d a ,  C h i n a  a n d  v a r i o u s  o t h e r  p a r t s  o f  t h e  w o r l d .  However ,  
t h e s e  d e p o s i t s  a r e  f a r  f r o m  u n i f o r m  a n d  t h e r e  a r e  w i d e  v a r i a t i o n s  
in t h e  p h y s i c a l  a n d  c h e m i c a l  s t r u c t u r e  of t h e  r o c k s  e v e n  w i t h i n  
t h e  same g e n e r a l  l o c a t i o n .  As a r e s u l t ,  e n g i n e e r i n g  a n d  
f u n d a m e n t a l  d a t a  a r e  r e q u i r e d  e v e n  f o r  p r e l i m i n a r y  d e s i g n  a n d  
e c o n o m i c  f e a s i b i l i t y  a n a l y s i s .  The  n e e d  f o r  d a t a  i s  e v e n  more 
v i t a l  d u r i n g  t h e  d e t a i l e d  i n d u s t r i a l  p r o c e s s  d e v e l o p m e n t .  I n  
o r d e r  t o  m a x i m i z e  t h e  y i e l d ,  t h e  k i n e t i c s  a s  w e l l  a s  t h e  p h y s i c a l  
a n d  c h e m i c a l  p r o p e r t i e s  of t h e  s h a l e  a n d  s h a l e  o i l  m u s t  b e  
known. An e x t e n s i v e  r e v i e w  of  o i l  s h a l e  t e c h n o l o g y  c o v e r i n g  t h e  
h i s t o r i c a l  d e v e l o p m e n t  a n d  t h e  k i n e t i c s  of o i l  s h a l e  r e t o r t i n g  a s  
w e l l  a s  t h e  p r o p e r t i e s  o f  o i l  s h a l e  h a s  b e e n  p r e s e n t e d  by B r a n c h  
(1). T h i s  p a p e r  a ims  a t  f i n d i n g  t h e  op t imum o p e r a t i n g  c o n d i t i o n s  
f o r  t h e  r e t o r t i n g  o f  A u s t r a l i a n  T e r t i a r y  s h a l e s .  T h e  s h a l e  
s a m p l e s  s t u d i e d  were  t a k e n  f r o m  t h e  K e r o s e n e  C r e e k  member o f  t h e  
S t u a r t  d e p o s i t ,  t h e  Ramsey c r o s s i n g  member o f  t h e  R u n d l e  d e p o s i t ,  
a n d  t h e  Brown o i l  s h a l e  u n i t  o f  t h e  C o n d o r  d e p o s i t ,  a l l  o f  w h i c h  
a r e  l o c a t e d  a l o n g  t h e  c o a s t l i n e  o f  Q u e e n s l a n d ,  A u s t r a l i a .  
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APPROACHES 

O p t i m i z a t i o n  s t u d i e s  g e n e r a l l y  i n v o l v e  e i t h e r  t h e  
s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n s  o r  t h e  d i s c r e t e  t e c h n i q u e s  o f  
l i n e a r  a l g e b r a .  I n  e i t h e r  case ,  i t  i s  n e c e s s a r y  t o  h a v e  a 
m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  s y s t e m .  The  p h y s i c a l  a n d  
c h e m i c a l  c o m p l e x i t y  o f  o i l  s h a l e  r e n d e r s  s u c h  a r i g o r o u s  
m a t h e m a t i c a l  t r e a t m e n t  e x t r e m e l y  d i f f i c u l t .  

F o r  e n g i n e e r i n g  p u r p o s e s  h o w e v e r ,  a n  e x p e r i m e n t a l  
e x p l o r a t i o n  o f  t h e  r a n g e  o f  i n t e r e s t i n g  p r o c e s s  c o n d i t i o n s  c a n  b e  
c o u p l e d  w i t h  t h e  m e t h o d s  o f  s t a t i s t i c a l  e x p e r i m e n t a l  d e s i g n  t o  
a r r i v e  a t  op t imum o p e r a t i n g  p a r a m e t e r s  w i t h  t h e  minimum o f  
e x p e r i m e n t a l  c o s t  a n d  e f f o r t .  T h e r e f o r e  a t h r e e  f a c t o r ,  t w o  
l e v e l  d e s i g n  o f  e x p e r i m e n t s  f o r  e a c h  t y p e  o f  o i l  s h a l e  was 
a d o p t e d  f o r  t h i s  s t u d y .  

IDENTIFYING THE CRITICAL VARIABLES 

I n  o r d e r  t o  e n s u r e  t h e  r e p r o d u c i b i l i t y  o f  e x p e r i m e n t a l  
r e s u l t s ,  s t a n d a r d  r e t o r t i n g  p r o c e d u r e s  m u s t  b e  a d o p t e d  w i t h o u t  
s t i f l i n g  t h e  d e g r e e  o f  f r e e d o m  n e c e s s a r y  t o  o p t i m i z e  t h e  
o p e r a t i n g  c o n d i t i o n s .  Twen ty  g r a m s  o f  o i l  s h a l e  were c h a r g e d  
i n t o  t h e  r e t o r t  w h i c h  was t h e n  h e a t e d  a t  t h e  r a t e  o f  10 C/min 
f r o m  25 C t o  700 C a t  a t m o s p h e r i c  p r e s s u r e .  T h e  d e t a i l s  o f  t h e  
r e t o r t i n g  a p p a r a t u s  h a v e  b e e n  p u b l i s h e d  e l s e w h e r e  ( 2 ) .  T h e  
a p p a r a t u s  c o n s i s t s  e s s e n t i a l l y  o f  a 1 5 . 7 5  i n c h  l o n g  x 1 i n c h  
d i a m e t e r  s t a i n l e s s  s tee l  t u b e  w h i c h  i s  p l a c e d  i n s i d e  a n  e l e c t r i c  
f u r n a c e .  The  s h a l e  s a m p l e  i s  l o a d e d  i n t o  t h e  r e t o r t  t h r o u g h  a 
b a l l  v a l v e  a t  t h e  t o p  o f  t h e  t u b e .  The sweep  g a s  ( w h i c h  i s  
p r e h e a t e d  i n  a g a s  p r e h e a t e r  f o l l o w i n g  t h e  r e a c t o r  p r e h e a t i n g  
s c h e d u l e )  f l o w s  down t h r o u g h  t h e  s a m o l e  bed i n t o  a n  o i l  
c o l l e c t i o n  t u b e  w h i c h  i s  k i p t  c o o l  i h  a water b a t h .  

T h e  v a r i a b l e s  s t u d i e d  were t h e  p a r t i c l e  s i z e  (-8 
and  -20 t40 mesh ( T y l e r ) ) ,  s w e e p  g a s  t y p e  ( c a r b o n  d i o x i d e  
n i t r o g e n )  and  s w e e p  g a s  f l o w  r a t e  ( 2  ml/sec a n d  5 ml/sec 
The l e v e l s  o f  t h e s e  v a r i a b l e s  h a v e  b e e n  c h o s e n  b a s e d  on  
p r e l i m i n a r y  e x p e r i m e n t s  a s  w e l l  a s  p r i o r  e x p e r i e n c e  ( 2 ) .  

1 0  mesh 
a n d  
STP) ) .  

The  mechan i sm by w h i c h  t h e  o i l  i s  r e l e a s e d  f r o m  t h e  p o r e s  
o f  t h e  s h a l e  i s  n o t  v e r y  c l e a r .  The  i n f l u e n c e  o f  t h e  p a r t i c l e  
s i z e  on  t h e  r e t o r t e r  y i e l d  seems t o  d e p e n d  on t h e  t y p e  o f  o i l  
s h a l e  b e i n g  r e t o r t e d .  A s  t h e  o i l  s h a l e s  a r e  f a i r l y  n o n - p o r o u s  
( v e r y  o f t e n  b e l o w  5 X p o r o s i t y ) ,  i t  i s  t o  b e  e x p e c t e d  t h a t  
c r u s h i n g  t h e  o i l  s h a l e  wou ld  i m p r o v e  t h e  p r o c e s s  o f  o i l  
e v o l u t i o n .  However ,  t h e r e  seems t o  b e  a minimum p a r t i c l e  s i z e  
b e l o w  w h i c h  t h e  i n f l u e n c e  o n  t h e  y i e l d  t e n d s  t o  b e  n e g a t i v e .  T h i s  
i s  d u e  t o  t h e  l o s s  of k e r o g e n  e n t r a p p e d  i n  m a c r o p o r e s  w h i l e  
c r u s h i n g .  T h e r e f o r e ,  two d i f f e r e n t  s i z e s  were t e s t e d ,  v i z ,  
-8 +10 mesh a n d  -20 +40 mesh ( T y l e r ) .  
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It h a s  b e e n  f o u n d  by L e e  (3), t h a t  c a r b o n  d i o x i d e  s w e e p  
g a s  c o n d i t i o n s  e n h a n c e  t h e  o i l  r e c o v e r y  f r o m  C o l o r a d o  o i l  s h a l e s .  
T h e r e f o r e  tes ts  were c o n d u c t e d  w i t h  two t y p e s  o f  s w e e p  g a s ,  i .e . ,  
n i t r o g e n  a n d  c a r b o n  d i o x i d e .  

The f l o w  r a t e  o f  s w e e p  g a s  i s  v e r y  i m p o r t a n t  f r o m  a n  
e n g i n e e r i n g  p o i n t  o f  v i ew.  T h i s  i n f l u e n c e s  t h e  h e a t  a n d  mass 
t r a n s f e r  c o n d i t i o n s  w i t h i n  t h e  r e a c t o r  a n d  s ca l e  u p  a n d  s c a l e  
down of  c o m m e r c i a l  r e a c t o r s  would be  d i s a s t r o u s  i f  t h e  mass 
t r a n s f e r  c o n d i t i o n s  were n o t  k e p t  u n i f o r m  i n  t h e  s c a l e d  m o d e l s .  
T h e r e f o r e  e x p e r i m e n t s  were made w i t h  two d i f f e r e n t  sweep  g a s  f l o w  
r a t e s ,  v i z ,  2 m l ( S T P ) / s e c  a n d  5 m l ( S T P ) / s e c .  T h i s  c o r r e s p o n d s  t o  

h o u r  ( s u p e r f i c i a l  l i n e a r  v e l o c i t i e s  o f  0.4 a n d  1.0 c m / s e c )  
r e s p e c t i v e l y  i n  t h e  r e t o r t .  

1 
v a p o r  s p a c e  v e l o c i t i e s  ( c a l c u l a t e d  a t  STP) o f  720 a n d  1800 p e r  / 

The  i n f l u e n c e s  o f  t h e s e  t h r e e  v a r i a b l e s  were s t u d i e d  o n  
t h r e e  d i f f e r e n t  A u s t r a l i a n  T e r t i a r y  o i l  s h a l e s  i d e n t i f i e d  a s  
R u n d l e ,  S t u a r t  a n d  C o n d o r  o i l  s h a l e s  a n d  t h e  r e s u l t s  were 
c r i t i c a l l y  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  w i t h  t h e  E a s t e r n  a n d  
W e s t e r n  U.S. o i l  s h a l e s  i n  terms o f  t h e i r  y i e l d ,  e f f e c t s  a n d  
o p t i m a l  p r o c e s s  c o n d i t i o n s .  

RESULTS A N D  DISCUSSION 

T h e  r e s u l t s  of  t h e  v a r i o u s  e x p e r i m e n t s  c o n d u c t e d  o n  
S t u a r t ,  R u n d l e  a n d  C o n d o r  o i l  s h a l e s  a r e  p r e s e n t e d  i n  T a b l e  1. 
T h e  y i e l d s  o b t a i n e d  were a n a l y z e d  u s i n g  Yates '  a l g o r i t h m  (4) t o  
d e t e r m i n e  t h e  e f f e c t s  o f  t h e  v a r i o u s  t r e a t m e n t  c o m b i n a t i o n s  on 
t h e  y i e l d .  T h e s e  e f f e c t s  a r e  a l s o  summar ized  i n  T a b l e  1. F o r  t h e  
p u r p o s e  o f  c o m p a r i s o n ,  s i m i l a r  d a t a  a r e  a l s o  i n c l u d e d  i n  T a b l e  1 
f o r  t h e  C o l o r a d o  ( 5 )  a n d  O h i o  82 ( 6 )  o i l  s h a l e s .  

F o r  t h e  p u r p o s e  o f  d e t e r m i n i n g  t h e  s i g n i f i c a n t  e f f e c t s ,  
t h r e e  r e p l i c a t i o n s  were c a r r i e d  o u t  a n d  t h e  e f f e c t s  t h a t  were 
l a r g e r  t h a n  twice t h e  s t a n d a r d  d e v i a t i o n  i n  t h e s e  r u n s  were 
i d e n t i f i e d  a s  t he  s i g n i f i c a n t  e f f e c t s .  A c c o r d i n g l y ,  t h e  minimum 
e f f e c t s  f o r  t h e  d e t e r m i n a t i o n  o f  s i g n i f i c a n c e  were 4.80, 6.38, 
2.34, 4.10, a n d  1.90 f o r  t h e  S t u a r t ,  R u n d l e ,  C o n d o r ,  C o l o r a d o  a n d  
O h i o  # 2 s h a l e s  r e s p e c t i v e l y .  

S t u a r t  S h a l e  

O f  t h e  t h r e e  A u s t r a l i a n  s h a l e s  t e s t e d ,  t h e  S t u a r t  s h a l e  
g a v e  t h e  l a r g e s t  o i l  y i e l d  ( F i s c h e r  A s s a y  o f  101 m l / k g )  
c o m p a r a b l e  t o  t h e  y i e l d s  o b t a i n e d  f r o m  most C o l o r a d o  s h a l e s .  

The  s w e e p  g a s  f l o w  r a t e  h a d  t h e  l a r g e s t  i n f l u e n c e  on  t h e  
o i l  y i e l d .  T h i s  p r e d o m i n a n t  e f f e c t  was o b s e r v e d  w i t h  a l l  t h e  o i l  
s h a l e s  S O  f a r  t e s t e d .  The i n f l u e n c e  i n  a l l  cases  was n e g a t i v e  i n  
t h e  r a n g e  o f  t h e  v a r i a b l e  s t u d i e d  i n d i c a t i n g  t h e r e b y  t h a t  a n  
i n c r e a s e  i n  t h e  f l o w  r a t e  f r o m  2 m l ( S T P ) / s e c  t o  5 m l ( S T P ) / s e c  
r e d u c e s  t h e  y i e l d .  T h i s  s t r o n g l y  s u g g e s t s  t h a t  mass t r a n s f e r  
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p l a y s  a n  i m p o r t a n t  r o l e  i n  s h a l e  o i l  e x t r a c t i o n .  B a s e d  on 
s i m i l a r  s i t u a t i o n s  i n  g a s - s o l i d  r e a c t i o n  s y s t e m s ,  t h i s  i m p l i e s  
t h a t  beyond a c e r t a i n  l i m i t  i n  t h e  s w e e p  g a s  f l o w  r a t e ,  a n  
i n c r e a s e  i n  t h e  f l o w  r a t e  a d v e r s e l y  a f f e c t s  t h e  t o t a l  y i e l d .  
T h e r e f o r e ,  e i t h e r  a c o r n e r  t e s t  o r  o u t l a y e r  e x p e r i m e n t s  h a v e  t o  
b e  c o n d u c t e d  t o  d e t e r m i n e  t h e  o p t i m a l  f l ow r a t e .  In t h e  c o r n e r  
t e s t ,  t h e  s w e e p  g a s  f l o w  r a t e  was v a r i e d  w h i l e  k e e p i n g  t h e  o t h e r  
v a r i a b l e s  a t  t h e i r  o p t i m a l  v a l u e s .  The  r e s u l t s  show t h a t  t h e  
b e s t  y i e l d  i s  o b t a i n e d  w i t h  a s w e e p  g a s  f l o w  r a t e  o f  
2 m l ( S T P ) / s e c .  

( 

1 
On t h e  o t h e r  h a n d ,  t h e  t y p e  o f  s w e e p  g a s  u s e d  a l s o  h a s  a 

s i g n i f i c a n t  e f f e c t  on t h e  y i e l d .  A s  t h e  e f f e c t  i s  p o s i t i v e ,  i t  
c a n  b e  c o n c l u d e d  t h a t  c a r b o n  d i o x i d e  r e t o r t i n g  e n h a n c e s  t h e  , 
y i e l d .  T h i s  was a l s o  t h e  case  w i t h  t h e  C o l o r a d o  a n d  some E a s t e r n  
U.S. D e v o n i a n  s h a l e s  (2.5). T h e  r o l e  o f  c a r b o n  d i o x i d e  i n  
e n h a n c i n g  t h e  y i e l d  f r o m  s u c h  s h a l e s  w h i l e  h a v i n g  n e g a t i v e  
e f f e c t s  on t h e  y i e l d  f r o m  o t h e r  s h a l e s  i s  n o t  c o m p l e t e l y  
u n d e r s t o o d .  However ,  t h e  t r e n d  i n d i c a t e s  t h a t  c a r b o n  d i o x i d e  
e n h a n c e s  t h e  r e t o r t i n g  y i e l d  f r o m  s h a l e s  w i t h  a l a r g e  k e r o g e n  
c o n t e n t .  This  i n f l u e n c e  i s  much l e s s  o r  e v e n  n e g a t i v e  when t h e  
k e r o g e n  c o n t e n t  i s  l o w  ( F i s c h e r  A s s a y  b e l o w  30) o r  medium 
( F i s c h e r  A s s a y  o f  t h e  o r d e r  of 60 t o  70). I t  h a s  b e e n  known 
among v a r i o u s  i n v e s t i g a t o r s  t h a t  k e r o g e n  swel l s  b e t t e r  i n  a 
c a r b o n  d i o x i d e  medium t h a n  i n  a n i t r o g e n  medium. T h i s  s h o u l d  
n o r m a l l y  r e s u l t  i n  a n  i m p r o v e d  y i e l d ;  h o w e v e r ,  i t  a l s o  e n h a n c e s  
t h e  p r o b a b i l i t y  o f  c a k i n g  o r  a g g l o m e r a t i o n  i n s i d e  a n d  o u t s i d e  t h e  
s h a l e  p a r t i c l e s .  T h e r e f o r e  h i g h l y  c a k i n g  s h a l e s ,  s u c h  a s  t h e  
N o r t h  C a r o l i n a  l a c u s t r i n e  s h a l e  d o  n o t  e x h i b i t  a n  i n c r e a s e  i n  o i l  
y i e l d  a n d  t h i s  c a k i n g  phenomenon  i s  a l s o  o b s e r v e d .  

The i n f l u e n c e  o f  t h e  p a r t i c l e  s i z e  on t h e  o i l  y i e l d  was 
i n s i g n i f i c a n t .  However ,  t h e  i n t e r a c t i o n  e f f e c t  o f  t h e  g a s  f l o w  
r a t e  a n d  t h e  p a r t i c l e  s i z e  was n e g a t i v e  a n d  s i g n i f i c a n t .  T h i s  
a l s o  shows  t h a t  mass t r a n s f e r  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  
p r o c e s s .  Even t h o u g h  i m p r o v e d  mass t r a n s f e r  c o n d i t i o n s  a r o u n d  
t h e  s h a l e  p a r t i c l e  s h o u l d  d i r e c t l y  r e s u l t  i n  a s m o o t h e r  t r a n s p o r t  
of o i l  a n d  v a p o r  p r o d u c t s  o u t  o f  t h e  s a m p l e  b e d ,  c o m p l e x ,  
s e m i - m a c r o s c o p i c  phenomena  s u c h  a s  t h e  b l o c k a g e  o f  p o r e  m o u t h s ,  
g e l  o r  l i q u i d  e n t r a p m e n t  w i t h i n  t h e  p o r e s ,  f o r m a t i o n  o f  new 
p o r e s ,  a g g l o m e r a t i o n  o f  p a r t i c l e s ,  e t c . ,  are  n o t  e a s i l y  a c c o u n t e d  
f o r .  T h e r e f o r e ,  i t  c a n  b e  s a i d  t h a t  t h e  t o t a l  y i e l d  of o i l  f r o m  
o i l  s h a l e  i s  n o t  o n l y  d i r e c t l y  r e l a t e d  t o  t h e  h e a t  a n d  mass 
t r a n s f e r  c o n d i t i o n s ,  b u t  a l s o  t o  t h e  m o r p h o l o g i c a l  c h a n g e s  a n d  
t h e  s w e l l i n g  o f  k e r o g e n .  

p a r t i c l e s  and l o w  w e e p  gas f l o w  r a t e s  c o u p l e d  w i t h  t h e  u s e  o f  
c a r b o n  d i o x i d e .  T h e  s i g n i f i c a n c e  o f  c a r b o n  d i o x i d e  is a l s o  
i n d i c a t e d  by t h e  l a r g e  p o s i t i v e  a b c  i n t e r a c t i o n  e f f e c t .  

c o n d i t i o n s  f o r  r e t o r t i n g  S t u a r t  s h a l e  are:  

The  l a r g e s t  y i e l d  was i n d e e d  o b t a i n e d  w i t h  small s i z e  

I t  c a n  t h e r e f o r e  b e  c o n c l u d e d  t h a t  t h e  o p t i m a l  o p e r a t i n g  

1. Use c a r b q n  d i o x i d e  a s  t h e  s w e e p  g a s .  
2 -  O p e r a t e  a t  l o w  s w e e p  g a s  f l o w  r a t e s ,  

3 .  Use sma l l e r  p a r t i c l e s ,  i .e . ,  -20 +40 mesh. 
i .e . ,  2 m l ( S T P ) / s e c .  
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R u n d l e  S h a l e  

The  o i l  y i e l d  f r o m  R u n d l e  s h a l e  was i n  t h e  m o d e r a t e  
r a n g e .  The o n l y  s i g n i f i c a n t  m a i n  e f f e c t  was f r o m  t h e  s w e e p  g a s  
f l o w  r a t e ,  

The i n f l u e n c e  o f  s w e e p  g a s  f l o w  r a t e  i n  d e p r e s s i n g  t h e  
o i l  y i e l d  was m o s t  p r o n o u n c e d  w i t h  t h e  R u n d l e  s h a l e .  Hence  a 
c o r n e r  t e s t  was p e r f o r m e d  by v a r y i n g  o n l y  t h e  s w e e p  g a s  f l o w  r a t e  
w h i l e  h o l d i n g  t h e  p a r t i c l e  s i z e ,  t y p e  o f  s w e e p  g a s  a n d  t h e  
h e a t i n g  r a t e  c o n s t a n t .  The  r e s u l t s  show ( F i g u r e  1) t h a t  t h e  
o p t i m a l  sweep  g a s  f l o w  r a t e  i s  b e t w e e n  1 a n d  2 m l ( S T P ) / s e c .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  e v e n  t h o u g h  c a r b o n  d i o x i d e  
d e p r e s s e s  t h e  o i l  y i e l d  t o  a r e l a t i v e l y  i n s i g n i f i c a n t  e x t e n t ,  t h e  
i n t e r a c t i o n  e f f e c t  o f  t h e  s w e e p  g a s  t y p e  a n d  f l o w  r a t e  i s  
p o s i t i v e .  T h i s  r e s u l t  a l s o  s u p p o r t s  t h e  p r i o r  c o n c l u s i o n  t h a t  t h e  
o i l  y i e l d  i s  i n f l u e n c e d  n o t  o n l y  by t h e  mass t r a n s f e r  c o n d i t i o n s ,  
b u t  a l s o  b y  t h e  p r o c e s s  o f  k e r o g e n  s w e l l i n g  a n d  o t h e r  
m o r p h o l o g i c a l  c h a n g e s  t h a t  o c c u r  d u r i n g  p y r o l y s i s ,  The  l a r g e  
i n t e r a c t i o n  e f f e c t  is  shown s c h e m a t i c a l l y  i n  a t h r e e - d i m e n s i o n a l  
p l o t  i n  F i g u r e  2 .  

The  o p t i m a l  r e t o r t i n g  c o n d i t i o n s  f o r  t h e  R u n d l e  s h a l e  a r e  
t h e r e f o r e :  

1. Use a s w e e p  g a s  f l o w  r a t e  o f  1.5  m l ( S T P ) / s e c .  
2.  Use n i t r o g e n  a s  t h e  s w e e p  g a s ,  a n d  
3. Use t h e  l a r g e r  s i z e  p a r t i c l e s ,  i .e . ,  -8 +10 mesh.  

Condor  S h a l e  

The Condor  s h a l e  y i e l d e d  t h e  s m a l l e s t  amoun t  o f  o i l  p e r  
k i l o g r a m  o f  s a m p l e .  I t  was o b s e r v e d  i n  t h i s  case a l s o  t h a t  t h e  
s w e e p  g a s  f l o w  r a t e  h a d  a l a r g e  n e g a t i v e  i n f l u e n c e  on t h e  o i l  
y i e l d .  M o r e o v e r ,  t h e  use o f  c a r b o n  d i o x i d e  a l s o  d e p r e s s e s  t h e  
y i e l d .  The  s t a n d a r d  e x p e r i m e n t a l  e r r o r  c a l c u l a t e d  by c o n d u c t i n g  
r e p l i c a t e  e x p e r i m e n t s  was smaller  i n  t h i s  case  t h a n  i n  t h e  o t h e r  
two cases. S u c h  a n  i n f l u e n c e  was a l s o  o b s e r v e d  i n  t h e  case o f  
O h i o  s h a l e .  T h e  a c c u r a c y  o f  e x p e r i m e n t a t i o n  i s  i m p r o v e d  w i t h  
sma l l e r  y i e l d s .  It s h o u l d  b e  n o t e d  h e r e  t h a t  i n  t h e  c a s e  o f  O h i o  
s h a l e ,  t h e  q u a n t i t y  o f  s a m p l e  u s e d  was l a r g e r  i n  order  to i m p r o v e  
t h e  r e s o l u t i o n  o f  t h e  e x p e r i m e n t s  (6). 

As i n  t h e  ca se  o f  R u n d l e  s h a l e ,  t h e  o p t i m a l  r e t o r t i n g  

1. Use l o w e r  sweep  g a s  f l o w  r a t e ,  i . e . ,  2 m l ( S T P ) / s e c .  
2 .  Use smaller s i z e  p a r t i c l e s ,  i .e . ,  -20  +10 mesh .  
3. Use n i t r o g e n  a s  t h e  s w e e p  gas.  

c o n d i t i o n s  a re :  
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Rundle Shale 1 100 1 

2o 0 L 2 4 

sweep Gas Flow Rate, ml/sec 

F i g u r e  1. O p t i m i z a t i o n  o f  Sweep Gas F low 
R a t e  (ml (STP) o f  N2 / Second) .  
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Sweep Ga8 Flow Rete, ml/rec 
F i g u r e  2 .  S c h e m a t i c  R e p r e s e n t a t i o n  o f  t h e  

I n t e r a c t i v e  I n f l u e n c e  o f  Sweep Gas 
Type and F l o w  R a t e  on  t h e  Y i e l d  
f r o m  Rund le  Sha le .  
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CONCLUSION 

A statistical experimental approach was used to determine 
the optimal retorting conditions for three Australian oil shales. 
The optimal conditions are summarized below: 

Stuart Rundle Condor 
Particle size: -20 +40 mesh -8 +10 mesh -20 +40 mesh 
Sweep Gas Type: Carbon dioxide Nitrogen Nitrogen 
Gas Flow Rate: 2 ml(STP)/sec 1.5 ml(STP)/sec 2 ml(STP)/sec 

It is also concluded that the yield from oil shale 
pyrolysis is influenced by many mechanistic factors such as the 
heat and mass transfer conditions, the swelling of kerogen in the 
rock matrix, morphological changes during pyrolysis, 
agglomerating properties etc. Therefore, the factors 
investigated in this statistical optimization study represent a 
set of  process variables that are most important for the 
successful design and operation of retorting equipment. The 
vapor hourly space velocity of the sweep gas was also calculated 
for scale up purposes. 
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